ABSTRACT Campylobacter are bacteria associated with human foodborne disease worldwide. Poultry and poultry products are generally considered as a main source of these organisms. Compared to temperate zones, baseline information on Campylobacter in tropical regions is limited. Thus, the objectives of the present study were 1) to determine the prevalence of Campylobacter in Thai broiler flocks and 2) to investigate the association between climatic factors (i.e., rainfall, ambient temperature, and relative humidity) and Campylobacter colonization status of broiler flocks in Thailand. A total of 442 commercial broiler flocks reared in the central and northeastern regions of Thailand during 2012 to 2014 were investigated. Campylobacter positive status was identified in 252 examined flocks (57.01%; 95% CI 52.39 to 61.63%). Prevalence of Campylobacter in the northeastern region (54.46%; 95% CI 44.76 to 63.83%) was slightly lower than that of the central region (57.77%; 95% CI 52.47 to 62.90%). More than 65% of Campylobacter positive flocks in the central and northeastern regions had within-flock prevalence higher than 75%. Generalized estimating equations (GEE) revealed that the increased rainfall and relative humidity were associated with the increase of Campylobacter colonization in broiler flocks (P ≤ 0.05), while no relationship between ambient temperature and Campylobacter colonization status was identified.
INTRODUCTION
Campylobacteriosis is considered as the leading bacterial gastrointestinal disease in humans worldwide. Consumption and handling of contaminated food, particularly poultry products, are the significant cause of infection. In humans, ingestion of a small number of bacterial cells could cause mild to severe diarrhea (Epps et al., 2013) . Although it has been stated often that Campylobacter-positive poultry infrequently show such symptoms (Young et al., 2007) , there is increasing field and laboratory evidence that the bacteria negatively affect broiler gut health and bird welfare (Williams et al., 2013; Humphrey et al., 2014) . Generally, commercial broilers are rarely colonized with Campylobacter before they are 2 wk old. However, once they are colonized, Campylobacter rapidly proliferate and spread over the entire population (Kaakoush et al., 2015) .
Various levels of Campylobacter colonization in broiler flocks have been reported worldwide, particularly in the temperate zones. According to the surveillance of the European Food Safety Authority, 20 to 100 percent of chicken flocks in European member countries were positive for Campylobacter (EFSA, 2011) . In the United States, the colonization rate of Campylobacter in broiler batches was reported ranging from 29.5 to 87.5% (Hiett et al., 2002; Luangtongkum et al., 2006; Thakur et al., 2013) . In tropical regions, the high prevalence of Campylobacter in broiler flocks was reported in Brazil (81.80%) and Malaysia (83.30%), while lower prevalence (31.90%) was found in Vietnam (Kuana et al., 2008; Rejab et al., 2012; Carrique-Mas et al., 2014) .
Seasonal fluctuation of Campylobacter prevalence in broiler flocks was revealed in Nordic countries where the peak of colonization rate was observed in summer (Jore et al., 2010) . Likewise, the study in Northern Ireland reported that Campylobacter colonization in broiler flocks was significantly increased in summer compared to other seasons. Flies were found to be associated with the increased summer prevalence of Campylobacter in European countries (McDowell et al., 2008) . Humidity, temperature, sunlight, and rainfall were suggested as the climatic factors that facilitate the survival of Campylobacter during summer time in temperate zones (Bi et al., 2008; Lawes et al., 2012) , while the effect of climatic factors on Campylobacter colonization in poultry has not been widely investigated in tropical regions.
Since information of Campylobacter in Thai broiler flocks is still insufficient, more intensive surveillance is necessary. Therefore, our study aimed to 1) determine the prevalence of Campylobacter in Thai broiler flocks and 2) investigate the association between climatic factors (i.e., rainfall, ambient temperature, and relative humidity) and Campylobacter colonization status of broiler flocks in Thailand. In this study, 442 Thai broiler flocks were investigated for Campylobacter colonization. To identify the association between climatic factors and Campylobacter colonization in broilers, the generalized estimating equations (GEE) model was performed.
MATERIALS AND METHODS

Study Population and Sample Collection
From January 2012 to April 2014, 4,420 intact ceca of 442 broiler flocks from 68 different broiler farms located in the central and northeastern regions of Thailand were collected at slaughterhouses. Since 80% of poultry production in Thailand was in the central and northeastern regions, our sample collection mainly focused on broiler farms located in these 2 regions. The number of sampled broiler flocks was calculated using 50% expected prevalence and 95% confidence level. In addition, the number of flocks collected from each region was proportional to the number of broilers reared in those regions. According to the Department of Livestock Development (DLD) data, the number of chickens in the central region was 3 to 4 times higher than that in the northeast (Department of Livestock Development, 2014). Thus, 341 flocks in the central region (approximately 10 to 16 flocks per mo) and 101 broiler flocks in the northeastern region (approximately 2 to 6 flocks per mo) were examined. In each flock, 10 intact ceca were collected after the evisceration process at slaughterhouses. Cecal samples were separately packed in sterile plastic bags and kept on ice during transportation to the laboratory.
To determine the association between climatic factors (i.e., rainfall, ambient temperature, and relative humidity) and Campylobacter colonization status of target broiler flocks, participating broiler farms were tested consecutively for 2 to 12 production cycles. Rainfall, relative humidity, and temperature were measured at the target farms using a rain gauge, psychrometer, and thermometer, respectively. For farms on which measuring procedures could not be conducted, climatic factors were obtained from the daily records of meteorological stations located in the same districts as the target farms.
In this study, participating broiler farms were affiliated with 5 integrated poultry companies. Production capacity of investigated farms ranged from 36,000 to 16,761,960 chickens per year. An all-in all-out system was operated in all examined flocks. These broiler flocks were slaughtered at between 30 and 45 d of age. Arbor Acre, Ross, and Cobb were the major chicken breeds of the examined flocks.
Bacterial Isolation and Identification
Ceca from each broiler flock were tested for the presence of Campylobacter. Direct plating was used as the Campylobacter isolation method in this study. Briefly, cecal content was cultured directly onto Campylobacter blood-free selective agar or mCCDA (CM0739; Oxoid Ltd., Basingstoke, Hampshire, United Kingdom) supplemented with Campylobacter selective supplement (cefoperazone, 32 mg/liter and amphotericin B, 10 mg/liter). To determine the number of Campylobacter in ceca, one gram of cecal content was weighed and diluted in sterile normal saline. Ten-fold serial dilutions (10 −1 to 10 −5 ) were performed and inoculated onto mCCDA. Inoculated agar plates were incubated at 42
• C for 48 h under microaerobic conditions (5% O 2 , 10% CO 2 , and 85% N 2 ). Colonies that appeared as gray and moist with metallic sheen on mCCDA were presumptively identified as Campylobacter.
To identify species of recovered Campylobacter isolates, 3 presumptive Campylobacter colonies from each sample were selected and multiplex polymerase chain reaction was performed (Dingle et al., 2005; Williams et al., 2010) . Presumptive Campylobacter colonies were suspended in 100 μl of distilled water (Hyclone R , Thermo Scientific, Logan, UT). Cell mixtures were heated at 100
• C for 10 min and centrifuged to separate cell debris. The supernatant (5 μl) was used as the DNA template in the 25 μl PCR reaction containing 2.5 μl of 10x reaction buffer; 200 μM of deoxynucleoside triphosphate; 0.5 μM of C. jejuni and C. coli primers; and 0.625 U of Takara Ex Taq TM (Takara Bio Inc., Shiga, Japan). PCR was performed in a thermocycler (Biometra GmbH, Göttingen, Germany) under the conditions as follows: 30 cycles of denaturation at 94
• C for one min, amplification at 58
• C for one min, and extension at 72
• C for one min. PCR products were examined on 1.5% agarose gel in 1x Tris-acetate-EDTA (TAE) buffer and visualized by ultraviolet transilluminator.
Data Analysis
The GEE model was applied to determine the association between climatic factors (i.e., rainfall, ambient temperature, and relative humidity) and Campylobacter colonization status of examined broiler flocks. Colonization status was defined as the dependent variable, while climatic factors were defined as independent variables. Dependent and independent variables were fitted into the model specified with an exchangeable correlation matrix, which assumed that all correlations were equal.
To compare the prevalence of Campylobacter between the central and northeastern regions, a chi-square test was performed. Statistical significance was considered at P ≤ 0.05. IBM SPSS statistics 22 (SPSS Inc., Chicago, IL) was used for statistical analysis in the present study.
RESULTS
Prevalence of Campylobacter in Broiler Flocks
Of 442 broiler flocks participating in this study, 252 (57.01%; 95% CI 52.39 to 61.63%) were Campylobacter positive. Prevalence of Campylobacter in the central region (57.77%; 95% CI 52.47 to 62.90%) was slightly higher than that in the northeast (54.46%; 95% CI 44.76 to 63.83%) (P = 0.6335). To determine the consistency of Campylobacter prevalence in each region, the yearly prevalence of Campylobacter in 2012 and 2013 was identified (Figure 1 ). In the central region, Campylobacter prevalence was 60.20% in 2012 and 57.89% in 2013, while the prevalence of Campylobacter in the northeastern region in 2012 was quite different (P = 0.1325) from the prevalence in 2013. Overall, the prevalence of Campylobacter in 2012 and 2013 was 58.67% (95% CI 52.24 to 65.10%) and 60.23% (95% CI 52.89 to 67.57%), respectively. In terms of Campylobacter prevalence in positive flocks, within-flock prevalence ranged from 10 to 100% (87.08%, 95% CI 84.95 to 89.21%). In the central region, the mean within-flock prevalence was 88.76% (95% CI 85.89 to 91.64%), while the mean within-flock prevalence in the northeast was 78.18% (95% CI 70.07 to 86.29%). In this study, the majority of Campylobacter positive broiler flocks in both the central region (83.25%) and the northeastern one (69.09%) had within-flock prevalence higher than 75%.
During the 2-year surveillance, 75.00% (95% CI 64.71 to 85.29%) of participating broiler farms (51 out of 68) were positive for Campylobacter. Approximately 45.10% (95% CI 31.44 to 58.76%) of positive farms (23 out of 51) were consistently colonized with Campylobacter throughout the 2-year study period. Among the broiler farms that routinely produced Campylobacter positive flocks, 21 farms were in the central region and 2 farms were in the northeast. On the other hand, 54.90% (95% CI 41.24 to 68.56%) of positive broiler farms (28 out of 51) produced both Campylobacter positive and negative flocks. Some of these farms were Campylobacter negative during the first 4 to 5 production cycles and then became Campylobacter positive for the rest of the production cycles, while other farms were Campylobacter positive at the beginning and then after 2 to 3 production cycles these Campylobacter positive farms became Campylobacter negative for a few production cycles before switching back to Campylobacter positive status. Among 28 broiler farms with both Campylobacter positive and negative flocks, 23 farms were located in the central region and 5 farms were located in the northeastern region.
Campylobacter Enumeration and Species Identification
Among 252 Campylobacter positive flocks, the number of Campylobacter in cecal content ranged from 2.00 to 9.34 log CFU/g (8.02 log CFU/g, SE = 7.15 log , 95% CI = 7.89 log-8.12 log). In the central region, the number of Campylobacter in positive broiler flocks was found to be between 7.12 and 8.74 log CFU/g (8.03 log CFU/g, SE = 7.33 log), while a wide range of Campylobacter levels from 1.74 to 6.98 log CFU/g (6.10 log CFU/g, SE = 5.78 log) was found in broiler flocks reared in the northeastern region. In this study, 49.38, 10.29, and 40.33% of broiler flocks were positive for C. jejuni, C. coli, and mixed infection between C. jejuni and C. coli, respectively (Table 1 ). In the central region, most broiler flocks were colonized with C. jejuni (53.30%) or mixed infection of C. jejuni and C. coli (40.61%). Only 6.09% were colonized solely with C. coli. In the northeastern region, the percent of broiler flocks colonized with C. jejuni, C. coli, and mixed infection between C. jejuni and C. coli was 32.61, 28.26, and 39.13%, respectively.
Association between Climatic Factors and Campylobacter Colonization
The GEE revealed that Campylobacter colonization in broiler flocks was significantly associated with rainfall and relative humidity (β = 0.0295, P < 0.0001 and β = 0.0170, P < 0.0001, respectively), while no association between ambient temperature and Campylobacter prevalence was identified (Table 2 ). According to the calculated odds ratios presented in Table 2 , one-unit increase of rainfall or relative humidity will increase the probability of Campylobacter colonization in broiler flocks for 1.0299 and 1.0171 times, respectively.
DISCUSSION
In this study, the prevalence and climatic factors associated with Campylobacter colonization in Thai broiler flocks are reported. Overall prevalence of Campylobacter found in the present study was 57.01% (95% CI 52.39 to 61.63%). The prevalence of Campylobacter in the central region was 57.77%, while 54.46% of broiler flocks in the northeastern region were positive for Campylobacter (P = 0.6335). C. jejuni was the most common species found in examined broiler flocks. In our study, only rainfall and relative humidity were associated with Campylobacter colonization in broiler flocks in Thailand.
A wide range of Campylobacter prevalence was reported in different climatic and geographical areas. The prevalence of Campylobacter in broiler flocks in EU member countries ranged from 2 to 100% (EFSA, 2011), while the Campylobacter colonization rate in broiler flocks in Asian countries was described between 31.90 and 83.30% (Chen et al., 2010; Haruna et al., 2012; Rejab et al., 2012; Carrique-Mas et al., 2014) . In this study, 57.01% of broiler flocks reared in the central and northeastern regions of Thailand were colonized with Campylobacter. This finding was quite similar to the previous study in the northern part of Thailand, which found that 64% of broiler flocks in the northern region were Campylobacter positive (Padungtod and Kaneene, 2005) . In contrast, Chokboonmongkol et al. (2013) reported that only 11.2% of broiler flocks in the northern part of Thailand were colonized with Campylobacter.
The mean within-flock prevalence found in the present study (87.08%) was close to that previously reported in the United Kingdom (81.60%), but higher than that found in Spain (60.50%) (Evans and Sayers, 2000; Torralbo et al., 2014) . Our study, along with several investigations (Cardinale et al., 2004; McDowell et al., 2008; Sasaki et al., 2011) , revealed that C. jejuni was the predominant species identified in broiler flocks, although the earlier investigation in Thailand identified C. coli as the predominant species in broilers (Padungtod and Kaneene, 2005) . Generally, an increased proportion of C. coli in broiler flocks was associated with flock age, farm location, particularly proximity of other types of domestic animals (e.g., swine farm), and certain types of chicken production systems (e.g., free-ranged chickens) (Colles et al., 2011; Ridley et al., 2011; Colles et al., 2015) . Thus, the difference in farm environment and type of chicken production system between the previous study (Padungtod and Kaneene, 2005 ) and our study might have an influence on the predominant Campylobacter species found in each study.
Seasonal variation of Campylobacter in broiler flocks was previously described, particularly in the northern hemisphere. Several investigations in Norway, Denmark, and the United Kingdom described the low prevalence of Campylobacter in broiler flocks during winter time, while the highest peak of Campylobacter colonization rate was found in summer (Louis et al., 2005; Boysen et al., 2011; Jonsson et al., 2012) . Several climatic factors, such as temperature, sunlight, humidity, and rainfall, were suggested as the ecological factors influencing the survival of Campylobacter in the environment (Sandberg et al., 2006; Hartnack et al., 2009) . Increasing numbers of house flies in summertime also was mentioned as a significant factor that influences Campylobacter ingress into chicken populations (Hald et al., 2007) . Unlike the temperate zones where temperatures were different between seasons, the temperature in Thailand is relatively steady throughout the year, whereas the rainfall intensity can vary among seasons (Loo et al., 2015) . High rainfall intensity and relative humidity could moisten the environment around broiler houses and support the viability of Campylobacter and increase the chance of this organism's colonizing broiler flocks (Bronowski et al., 2014) . Unsurprisingly, the association between Campylobacter colonization and 2 climatic factors, i.e., rainfall and relative humidity, was identified in the present study (Table 2) .
In this study, the prevalence of Campylobacter in broiler flocks in the central and northeastern regions of Thailand was determined. In addition, the influence of climatic factors on Campylobacter colonization in Thai broiler flocks was investigated. Rainfall and relative humidity were identified as climatic conditions correlated with Campylobacter colonization in Thai broiler flocks, while no association between ambient temperature and colonization was observed.
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